We show that the absorption spectra of single-layer GaSe and GaTe in the hexagonal phase feature exciton peaks with distinct polarization selectivity. We investigate these distinct features from firstprinciples calculations using the GW-BSE formalism. We show that, due to the symmetry of the bands under in-plane mirror symmetry, the bound exciton states selectively couple to either in-plane or out-of-plane polarization of the light. In particular, for a p-polarized light absorption experiment, the absorption peaks of the hydrogenic s-like excitons emerge at large angle of incidence, while the overall absorbance reduces over the rest of the spectrum.
Two-dimensional (2D) materials receive continued interest as building blocks for nanoscale electronics. The ability to thin down a material to atomically thin layers allows for a finer electrostatic control over the system [1, 2] and opens for the possibility of designing layered heterostructures [3] . Beyond graphene, 2D materials with a sizeable band gap and good electrical conductivity find applications in field-effect transistors and optoelectronic devices [4] . The band gap of these materials changes dramatically with reduced number of layers due to quantum confinement effects and reduced screening [5] [6] [7] , and single-layer materials show an enhanced modulation of the band gap with applied strain [8] .
A large body of research focuses on transition metal dichalcogenides M X 2 (e.g. M=Mo,W; X=S,Se) due to their novel optical features, such as strongly bound excitons and trions [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , valley-selective circular dichroism and coupling of spin and valey degrees of freedom [20] [21] [22] , and large optical absorbance by single monolayers [5] . Likewise, the metal monochalcogenides M X (e.g. M=Ga,In; X=S,Se,Te) arouse interest for their electrical and optical properties [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . In particular, gallium selenide was shown to have exceptionally large photoresponse [28] , and strong second harmonic generation [35] . It has been successfully used in designing photodetectors and phototransistor devices by means of chemical vapor deposition or pulsed laser deposition [29, 31, 34, 36] . Gallium telluride also exhibits a large photoresponsitivity and has a smaller band gap than GaSe, making it suitable for photodetector applications [37] .
So far, all devices made with GaSe and GaTe used multi-layers samples, with very few measurements having been performed on single-layer samples. Those measurements performed on multi-layer GaSe show a strong anisotropy in the optical absorption spectrum, likely related to the selection rules of the single layer [38] . The single-layer materials may however exhibits distinct properties from their bulk counterpart. For example, upon decreasing the number of layers, the band structure of GaSe undergoes a direct-to-indirect band gap transition [31, 39] . As a result, single-layer GaSe exhibits a sharp peak in the density of states near the Fermi level [40] , potentially enhancing optical absortion in this material. The optical absorption may be further enhanced by excitonic effects, which are known to be large in low dimensional systems due to enhanced electron-electron interaction and reduced screening [10, 12, 19, [41] [42] [43] .
In this work, we present a first-principles study of the optical absorption spectrum of hexagonal single-layer GaSe and GaTe. We obtain the quasiparticle bandstructure from the ab initio GW formalism [44, 45] and, with the GW results, compute the optical properties by solving the Bethe-Salpeter equation (BSE) [46, 47] . We show that the exciton states in these single-layer MX monochalcogenide materials acquire selection rules for linear optical excitations coming from the symmetry of the band states under in-plane mirror reflection, similar to observations in some layered materials [48, 49] . The optical properties of the monolayers are thus strongly modulated with the angle of incident light with respect to the normal direction of the plane. We find that the binding energy of the lowest energy exciton in GaSe is 0.66 eV, which is comparable to the large excition binding energies ranging between 0.3 and 0.7 eV in transition metal dichalcogneides [10] [11] [12] [13] [14] [15] [16] .
STRUCTURAL PARAMETERS AND GW-BSE CALCULATION
For the ground-state properties, we performed density functional theory (DFT) calculations with the Quantum Espresso software [50] and the Abinit software [51] . We use norm-conserving pseudopotentials with a kinetic energy cutoff of 250 Ry and include the semi-core n = 3 shell of gallium as part of the valence electrons. For gallium selenide, we use a hexagonal unit cell, which is the structural phase found for both the monolayer and the bulk crystals. The lattice parameter of GaSe (3.75Å) was taken from experiments [31] and the internal degrees of freedom were relaxed to minimise the forces using an LDA exchange-correlation functional. Unlike gallium selenide, gallium telluride forms a monoclinic structure in the bulk crystal [37] . Our calculations, however, indicate that the hexagonal phase of the single-layer GaTe is more stable than the monoclinic one (by only 4 meV/atom). Therefore, we use the same hexagonal phase for both GaSe and GaTe. The structural parameters of GaTe were optimized with a PBE [52] exchange-correlation functional, giving a lattice parameter of 4.14Å. The use of LDA vs. PBE does not change the symmetry of the band states, and only changes the Kohn-Sham gap by ∼ 0.1 eV which is small compared to the self-energy correction to the gap (which is ∼ 1.3 eV).
The GW-BSE calculations were performed with the BerkeleyGW software [45, 47, 53] . We used a k-point sampling of 12 × 12 × 1, a kinetic energy cutoff of 30 Ry for the dielectric matrix, and 600 bands to compute the dielectric matrix and the self energy. We add a static remainder correction to the self energy to accelerate convergence with respect to the summation over empty states [54] . We included 14Å of vacuum in the outof-plane direction and truncated the Coulomb interaction in this direction to prevent spurious interactions between periodic images [55] . The frequency dependence of the dielectric matrix was included within the HybertsenLouie generalized plasmon pole model (HL-GPP) [45] . Achieving a sufficiently dense k-point sampling for the BSE calculation is especially challenging in 2D materials, due to the fast spatial variation of the screening [10, 12, 19, [55] [56] [57] [58] [59] . In order to accelerate the convergence of the k-point sampling while maintaining a reasonable computational cost, we interpolate the BSE kernel onto a uniform 64 × 64 × 1 k-point grid and solve the BSE on this fine grid [60] . The detailed structure of the screening on the fine grid is further refined using the clustered sampling interpolation (CSI) technique developed specifically for 2D materials [19, 61] . 10 clustered points were used, which is equivalent to sampling the dielectric matrix using (120) 2 q points on a uniform grid. The basis set used to describe the excitons includes five valence bands and two conduction bands. We verified that the absorption spectrum is converged with respect to the number of bands in the energy range from zero up to 5.5 eV. We neglect spin-orbit interactions throughout this calculation, in order to reduce the size of the two-particle basis and keep the solution of the BSE computationaly manageable.
RESULTS AND DISCUSSION Figure 1 shows the band structure and density of states of GaSe computed from G 0 W 0 on top of DFT calculation. The G 0 W 0 corrections increase the direct band gap of GaSe at Γ from 2.10 eV to 3.94 eV, and the direct band gap of GaTe at Γ from 1.81 eV to 3.12 eV. The spin-orbit interaction (not included in our GW-BSE calculation) would reduce the direct band gap of GaSe by 0.05 eV, and that of GaTe by 0.17 eV. The valence band maximum is located along the Γ-K line for both materials, while the conduction band minimum is located at Γ in GaSe and at M in GaTe. Both material feature a caldera shape for the highest occupied band around Γ, with saddle points located along the Γ-M lines. As a result, a van Hove singularity appears in the density of states near the Fermi level.
It is instructive to look at the bands involved in the lowest optical transitions. Figure 2 shows the electronic wavefunctions in GaSe for the last three valence bands v3 v2 v1 c1 c2 and the first two conduction bands at Γ. The symmetry analysis of the bands in single-layer GaSe has been reported [62] , and here we focus on the parity of the bands under in-plane mirror reflection σ h . Since the mirror reflection takes z to −z (where z is along the out-of-plane direction), the band-state wavefunctions are eigenstates of σ h with even (+) or odd (−) parity. The parity of the bands at high-symmetry points of the Brillouin zone is listed in Table I . Note that the σ h parity is not restricted to high-symmetry points; in the present spin-unpolarized calculation, it is a good quantum number everywhere in the 2D Brillouin zone. The first two conduction bands have opposite parities and exchange order in various regions of the Brillouin zone. The crossing of these two bands can be seen in Figure 1 along the Γ− K and Γ− M lines. We compute the absorption spectrum of single-layer GaSe and GaTe for a p-polarized light absorption experiment. The polarization vector of light is taken to lie in the plane of incidence oriented along the Γ-M direction. Three bright exciton peaks are easily identified, located below the fundamental band gap, as can be seen in Figure 3 . These are bound excitons, labeled A, B, and C. They are followed by a continuum of states available for absorption above the fundamental band gap.
Over most of the spectrum, the absorbance decreases with larger angles of incidence (as defined in the top panel of Fig. 3 ) due to a local field or depolarization field effect. This effect arises from the finite thickness of the layer, allowing for charges to accumulate on each side of the layer in response to a perpendicular electric field. The depolarization field thus created reduces significantly the absorbance for the out-of-plane component of the light polarization of the applied electromagnetic wave.
A few new absorption peaks however emerge within the quasiparticle gap with larger light angles of incidence. These peaks are located at 3.26 eV and 3.60 eV in GaSe, and at 2.56 eV and 2.83 eV in GaTe. They are associated with a lower energy series of excitons. We label these as 1s and 2s excitons following the notation of the hydrogenic model based on the nodal structure of the envelope of the exciton wave function. Figure 4 shows the energy levels of the bound excitons of GaSe along with the k-space distribution of the squared amplitude of the free electron-hole pairs (from solving the Bethe-Salpeter equation) that form the exciton wavefunctions in the Brillouin zone. Similarly to other 2D semiconductors, the exciton levels do not follow the Rydberg series for the the 2D hygrogenic model due to spatially varying screening [10, 12, 19, 63] . Nonetheless, from the nodal structure of the wavefunctions, we can identify for the few lowest energy states a hydrogenlike series of states with clear angular moment assignment. This series arises from the parabolic dispersion of the first band-to-band transition near Γ. We define the binding energy of an exciton as the dif- ference between the exciton's energy, and the energy of the dominant band-to-band transition at Γ, where the lowest energy direct transition occurs for the bands of interest. In single-layer GaSe, this gives binding energies of 0.66 eV and 0.34 eV for the 1s and 2s excitons, respectively, and binding energies of 0.60 eV, 0.13 eV, and 0.07 eV for the A, B, and C excitons, respectively. We note, however, that the maximum amplitude of the B and C excitons is not located at Γ, but near the six-fold degenerate saddle points along the Γ − M lines. The direct band gap at these saddle points is 0.88 eV larger than at Γ, explaining the seemingly small binding energy of the B and C excitons in comparison with the A exciton.
As shown in the energy diagram of Figure 4 , the full "hydrogenic" series is dark under illumination with inplane polarization of the light. For the p and d excitons, this is due to the destructive interference of the interband dipole matrix elements around Γ for dipole-allowed interband transition systems [19] . In contrast, the brightness of the s excitons depends on the polarization angle of the light for the p-polarized experimental setup in Fig. 3 . This selection rule originates from the symmetry of the quasiparticle band states under reflection along the z axis.
Since the Coulomb interaction is even under in-plane mirror reflection, it follows that the σ h parity is also a good quantum number for all the exciton states. The excitons with even σ h parity, such as the A, B, and C excitons, are composed of electronic transitions between band states with the same σ h parity, while the exctions with odd σ h parity, such as those of the hydrogenic series, are composed of electronic transitions between band states with opposite σ h parities. For in-plane polarization of the light, the excitons with even parity will be bright and those with odd parity will be dark. Conversely, for out-of-plane polarization of the light, the excitons with even parity will be dark and those with odd parity will be bright. Figure 4 shows the envelope function of the excitons in k-space for GaSe. The first even σ h exciton forming the absorption peak "A" has an s-like shape, and is composed of the second-last valence band (v 2 ) to the first conduction band (c 1 ) transitions near Γ. The wavefunction of the excitons forming the "B" and "C" peaks are composed of the last valence band to the first conduction band transition. They are located mostly on the saddle points along the Γ−M line, and past the the point where the first two conduction bands cross.
In principle, these selection rules are exclusive to the single-layer structure, since they arise from the mirror symmetry of the layer, and the confinement of the wavevectors in the 2D Brillouin zone. In the bulk counterpart of these systems, the wavefunctions could spread over several layers and relax the selection rules observed in the single layer. However, experimental measurements show that this is not the case. The strong anisotropy observed in the reflectivity of layered GaSe [38] indicates that only a weak coupling exists between the layers, and that the selection rules of the single layer mostly hold in the bulk system as well. We also note that the spinorbit interaction (not included here) would allow for a mixing of valence band states with different parities [62] . Therefore, the 1s and 2s exciton states would realistically have a very small but finite optical response for in-plane polarization of the light.
CONCLUSION
In summary, we have computed the absorption spectra of single-layer GaSe and GaTe in the hexagonal phase. Both of these materials exhibit sharp exciton peaks whose presence in the absorbance depend strongly on the angle of incidence and the polarization of the light. We showed that the selection rules in these materials originates from the symmetry of the band states under in-plane mirror symmetry. Non-vanishing optical transitions between the bands are either restricted to in-plane or out-of-plane light polarization which carry over to the excitons from those band pairs. Our results explain the strong angular dependence of the absorption spectrum observed in few-layers GaSe [38] . However, optical measurements on single-layer GaSe and GaTe have not been reported yet, likely due to the instability of these materials under ambiant air conditions [64] . The predicted absorption spectra reported in this work aim to guide future experiments. 
